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Abstract— Electrodeposited alloys of nickel and iron are prone
to suffer from the development of undesirable-stress gradients
resulting from process steps and heat treatments following
deposition. As a result, the yield associated with devices using
permalloy (Ni–Fe, 80%–20%) films can be severely compromised.
Although electrodeposition recipes have been formulated that
greatly reduce stress in Ni–Fe films, any stress gradients through
the thickness of permalloy can pose considerable problems during
the release of cantilevers. The development of such gradients
is typically the direct result of the selected design and process
architecture and/or problematic material choices. This paper
presents an improved architecture for electroplated Ni–Fe free-
standing microcantilever structures. This architecture minimizes
the development of stress gradients in cantilever beams and
facilitates the use of suspended permalloy cantilever structures in
magnetically actuated microelectromechanical systems (MEMS)
switches. [2014-0170]
Index Terms— Magnetic MEMS, microelectromechanical
systems (MEMS) switches, permalloy, microactuators, stress
gradient, electrodeposition, surface micromachining.
I. INTRODUCTION
THE UNCONTROLLED development of stress in MEMSfilms can be detrimental for both device performance
and reliability, and the particular problems associated with
stress development in micromachined films are therefore of
widespread interest [1]–[4]. Alloys of nickel and iron and
in particular Permalloy (Ni-Fe, 80-20%) are important mate-
rials for the microfabrication of integrated passive magnetic
devices [5]–[7] due to their high magnetic permeability and
low coercivity [2], [8], [9]. However, Permalloy films typically
exhibit high sensitivity to failure mechanisms induced by the
relief of residual stress [10]–[12].
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Ni-Fe alloys find potential applications in the manufac-
ture of microelectromechanical switches with magnetic actua-
tion [13]–[21]. Magnetic architectures offer many advantages
over other actuation schemes for MEMS switches, particu-
larly electrostatic actuation. These benefits include long-range
actuation forces, allowing for larger contact gaps and thus
providing better isolation in the OFF-state, and greater robust-
ness to stiction and other wear and failure mechanisms [22].
The need for high voltages to achieve electrostatic actuation is
also alleviated, creating the opportunity to employ low-voltage
electrostatic latching mechanisms. These can be applied subse-
quent to magnetic actuation for the retention of the switch state
with near-zero power consumption (except for the charging
energy). This combination enables the development of novel
devices, which can offer greater performances in terms of
OFF-state isolation, lower voltage actuation for compatibility
with standard silicon integrated circuits, and lower power
consumption, even when benchmarked against semiconductor
switches if employed with high frequency signals [23].
Previous studies [24], [25] have reported process moni-
toring and control routines that have successfully enabled
the electrodeposition of low-stress Ni-Fe on 200 mm silicon
substrates. The deposition techniques described have a demon-
strated capability to minimise the development of residual
stress in both thick Ni-Fe blanket films (2 to 5 µm) and
relatively simple patterned structures. However, more complex
devices fabricated in such films can suffer from failures related
to stress gradients which result from non-optimal design
practices and material choices.
This paper presents an improved design for electroplated
Ni-Fe freestanding microcantilever structures for use in mag-
netically actuated MEMS switches, with particular focus on
the stress gradient developed within the patterned electrode-
posits during surface micromachining. The stress problems
encountered during the fabrication of such structures are first
presented. An experimental plan is then devised to investigate
the root cause of the development of stress gradient through the
thickness of the ECD films, and a solution is finally proposed
and demonstrated.
II. MICRO SWITCH DEVICES
Following the work reported in [26], the viability of elec-
troplated Ni-Fe freestanding cantilever structures for use in
switching devices has been assessed by fabricating the actu-
ating portion of a magnetic MEMS switch. The complete
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Fig. 1. (a) Cross section of the magnetic switch. (b) 3D view of the
metal lines on the bottom surface of the cantilever (with the Ni-Fe cantilever
removed). (c) Mask layout. (d) 3D view of complete switching device. The
3D schemes include embedded actuation coils for a complete switch. Note
that the metallisation on the bottom surface of the cantilever defines two
independent conduction lines for the switched signal and the electrostatic
latch (b, c). Electrical access to the bottom latch plate is not shown in (d) for
ease of visualisation.
device features planar coils for magnetic excitation and a
switched conductive line composed of two parts: the signal
input track that runs along the bottom surface of a Ni-Fe
cantilever, and the signal output track located on the substrate.
When magnetically actuated, the cantilever is attracted to
the substrate and deflects downwards, closing the contact
between the two signal lines (ohmic) or bringing them into
close proximity (capacitive). To avoid a constant current being
required in the coils to maintain the switch in the ON-state, an
electrostatic mechanism is integrated that latches the cantilever
down on the substrate. The excitation coils generate long-
range magnetic forces that pull the cantilever down from a
large gap. Once actuated, the bottom surface of the cantilever
forms a capacitor with a metal-insulator stack on the substrate,
which enables the structure to be electrostatically held in the
ON-state with near-zero power consumption. Fig. 1 shows a
cross-section and 3D views of the test device.
The first metal layer (Aluminium 1, Al 1) defines the output
signal connection and the bottom electrostatic latch plate, with
the second level metal (Aluminium 2, Al 2) defining the
Fig. 2. Process flow for the fabrication of the MEMS switching test structures.
input signal connection and the top electrostatic latch plate.
These run parallel to each other on the bottom surface of
the cantilever (Fig. 1(b)). The fabrication of the test devices
follows the process flow illustrated in Fig. 2.
Silicon wafers were processed by first depositing a 300 nm
thick PECVD silicon oxide layer, followed by spin coating
SU-8 to mimic the polymeric surface resulting from embedded
actuation microcoils in the complete switch as illustrated in
Fig. 1. SU-8 epoxy is one option along with other polymers
that have been used as a structural dielectric in which to embed
integrated coils [27]–[29]. The formulation used for this work
was SU-8 3010 produced by MicroChem Corporation, spun at
a thickness of approximately 19 µm and hard baked at 200 °C
for 20 minutes.
The fabrication of the test devices starts with the deposition
of the first metal layer, which is patterned to define the bottom
capacitor plate for the latching mechanism and the output
signal line. A blanket sputter deposition of 300 nm of Al is
patterned by means of reactive ion etch (RIE) using a 1.2 µm
thick positive photoresist mask (Megaposit SPR350). The
bottom dielectric layer is then deposited to insulate the bottom
latching plate and, in the case of capacitive switches, the
output signal line. The following 200 nm thick SiO2 dielectric
layer is deposited using plasma enhanced chemical vapour
deposition (PECVD). This is subsequently RIE patterned in
fluorine plasma and Fig. 2(a) shows a cross-section of the
cantilever at this stage of processing.
A sacrificial layer is then deposited and patterned to facil-
itate the release of the Ni-Fe cantilever. It is important to
precisely control the thickness of this layer as it defines
the actuation gap, set to a design specification of 2 µm.
The patterned sacrificial mesas, Fig. 2(b), serve as a resting
surface for the cantilever and the electrical lines for the
signal input and the top capacitive plate for the electrostatic
latch mechanism. The first candidate material investigated for
this sacrificial layer was Parylene-C, which can be vapour
deposited at room temperature, patterned by means of RIE,
and completely removed in an O2 plasma chamber.
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TABLE I
Ni-Fe ELECTROPLATING BATH COMPOSITION
A second aluminium deposition and patterning process
defines the input signal line and the top capacitor plate for
the electrostatic latching mechanism. The two tracks run from
the insulating substrate onto the top surface of the sacrificial
mesa, as shown in Fig. 2(c). A second PECVD SiO2 layer
is then patterned as shown in Fig. 2(d), which insulates
the input signal line and the top capacitor plate from the
Ni-Fe cantilever, in order to enable the two voltages to be
set independently.
Once the electrical lines and insulating structures are pat-
terned, the electrodeposition of the Ni-Fe cantilever completes
the magnetic actuator. A bottom-up electrodeposition approach
is used to define the structure that is anchored to the insulating
substrate and runs up onto the sacrificial mesa. This process
begins with the sputter deposition of a Ti and Cu bilayer on the
substrate. Copper serves as seed layer for electroplating at an
optimum thickness of 300 nm to ensure good conductivity over
the entire area of the wafer, whereas the 30 nm thick titanium
promotes adhesion between the copper and the underlying
materials. Photolithography is then performed to define the
electroplating areas using a positive photoresist mask. The
electrodeposition of the Ni-Fe cantilevers is performed in a
35 L tank containing a solution prepared using the components
and the quantities reported in Table I.
Based upon the results obtained from previously reported
studies [24], a combination of mild agitation and low current
density (10 mA cm−2) is used to achieve a good compromise
between thickness uniformity across the wafer surface, the
desired Ni-Fe ratio and low residual stress. After electrode-
position, the photoresist mould is stripped and the exposed
Ti and Cu seed layer is etched, as shown in Fig. 2(e).
The sacrificial mesa is finally completely removed to release
the cantilever, which supports the metallisation and insulation
on its bottom surface as illustrated in Fig. 2(f). The resulting
freestanding structure is therefore a stack consisting of a metal
and dielectric layer, a seed layer of 30 nm Ti and 300 nm Cu,
and finally the 2 µm electroplated Ni-Fe cantilever, anchored
to the bottom insulator layer.
Fig. 3 shows SEM micrographs of completed and released
test devices with all features previously described.
Although the above process successfully produced working
devices, the removal of Parylene-C proved to be a very time-
consuming treatment requiring up to 2 hours in the RF cham-
ber. Besides being inefficient, this process was detrimental to
both Ni-Fe and the embedded SU-8 matrix, damaging many
of the devices on the wafer and thereby significantly reducing
the wafer yield. Fig. 4 illustrates two examples of completed
Fig. 3. SEM images of completed test devices with components identified.
Fig. 4. SEM images of test devices deteriorated by the oxygen plasma
sacrificial etch treatment. The devices do not show signs of release until treated
in oxygen plasma for 1 or 2 hours, after which the top of the Ni-Fe is oxidised
and the underlying SU-8 layer begins to crack.
test actuators where the Ni-Fe cantilevers have been damaged
by the oxygen plasma treatment used to remove the sacrificial
Parylene-C.
The strategy used to implement a more effective etch release
process was to produce a test chip expressly designed to
investigate and enable the identification of the performance
limits of the critical release step as well as evaluate different
combinations of candidate sacrificial materials.
III. RELEASE TESTS
To characterise the release process, a set of low-resolution
emulsion photomasks of test structures was designed with the
purpose of identifying:
1) the minimum beam width that could be released;.
2) the possible need for etch-release holes (size and
spacing);
3) the presence of stress gradient in the film thickness;
4) the amount of strain in Ni-Fe beams.
The test chip included the following structures, with a
number of combinations of beam widths, anchor geometries
and etch-release hole patterns.
1) Cantilever structures (200 µm and 300 µm long) with
widths ranging from 20 µm to 100 µm, in steps of
10 µm with four different anchor geometries, as shown
in Fig. 5(a-d). The purpose of these was to investigate
their robustness to the surface micromachining process
under investigation.
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Fig. 5. Cantilever design variations for the investigation of the release
process. The lighter layer is the sacrificial material, whereas the darker shaded
layer is the ECD Ni-Fe. The beams shown are 300 µm long. Anchors of the
same width as the cantilevers (a), wider protruding anchors (b), an anchor
that expands on the sides to provide better stability (c), and a common anchor
structure shared by a set of cantilevers of varying width (d) are included. Etch-
release hole patterns are introduced to facilitate undercut during the dry etch
release process: discrete holes distributed along the centreline of the beams (e),
and series of 3 continuous slits distributed over the width of the beam (f).
Rotating arm stress relief structure (2 mm × 0.6 mm) on the sacrificial layer
for release (g).
2) Cantilevers were also designed with different etch-
release hole patterns distributed on the beam layout,
with the aim of reducing the degree of undercut required
for the complete release. The chosen dimensions for the
etch-release holes were (in µm): 10 × 20 with 10 µm
separation, 10 × 10 with 20 µm separation, 1 × 230 as
a single slit, 5 × 20 with 10 µm separation, 5 × 10 with
20 µm separation, 5 × 230 as a single slit, 2 × 20 with
10 µm separation, 2 × 10 with 20 µm separation, and
2 × 230 as a single slit. The holes are arranged in a
single row (Fig. 5(e)), or over three rows spanning the
whole cantilever width (Fig. 5(f)).
3) Suspended rotating test structures to monitor the strain
[24], [25] were also included in the layout (Fig. 5(g)),
with the aim of visually monitoring possible differences
in the development of stress gradients.
Fig. 6 presents a cross-section of the process flow for the
fabrication of the test cantilevers shown in Figure 5. This
fabrication process requires the following steps. a) Prepara-
tion of the substrate by depositing 300 nm PECVD SiO2.
b) Blanket deposition of 2 µm thick sacrificial material.
c) Patterning of the photoresist mask to define the sacrificial
mesa structures that will support the cantilever. d) RIE of
Fig. 6. Process flow for the fabrication of cantilever test structures.
the sacrificial material and removal of the photoresist mask.
e) Blanket sputter deposition of a 30 nm Ti and 300 nm Cu
seed layer and patterning the photoresist mask to define the
cantilever. f) Electroplating 2 µm thick Ni-Fe and removal of
the photoresist mould. g) Wet etch of the seed layer over the
areas previously covered by the photoresist mask. h) Removal
of the sacrificial material and release of the Ni-Fe cantilever.
The following range of materials were considered for use
as the sacrificial layer, the key parameter being compatibility
with the other layers used in the full switch architecture, in
particular ensuring that the Ni-Fe integrity and functionality
were fully preserved.
A. Parylene-C as Sacrificial Material
The test chip was initially used to determine whether
Parylene-C could be used to release cantilevers with different
anchor geometry, width and etch-release hole distributions,
while maintaining the original process flow (Fig. 2). The
release tests on the whole range of cantilever designs, however,
confirmed the difficulties already reported for the full actuator.
The O2 plasma etch failed to release the cantilevers after treat-
ment for 1 hour, and the relatively high processing temperature
of around 70 °C induces progressive deterioration and stress
gradient build-up. To investigate further, the etch was extended
to 4 hours to monitor the effect on the suspended structures.
Fig. 7 shows that a 4-hour oxygen plasma treatment is
sufficient to release cantilevers with all-around anchors of
widths up to 50 µm for the designs with continuous slits and
5 × 20 µm etch holes, and up to 30 µm for the designs with
5 × 10 µm etch holes. However, this treatment proved detri-
mental for all the released structures, either inducing signifi-
cant stress gradient that curls up the freestanding cantilevers
or just visibly destroying the devices. The curling up effect is
thought to be due to the oxidation of the exposed top surface of
the Ni-Fe films, while the bottom surface is protected from the
plasma by the sacrificial layer. Fig. 8 shows two different stress
gradients observed on the same die, induced by the 4 hour
oxygen plasma treatment.
The small physical distance between these two cantilevers
indicates that this phenomenon is not particularly uniform and
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Fig. 7. Test cantilevers with all-around anchor after treatment for 4 hours
in O2 plasma.
Fig. 8. Cantilevers buckling due to stress gradient in Ni-Fe.
while it can have a desirable anti-stiction effect in its milder
form (left image), it can prove totally destructive in the worst
cases (right image).
Clearly stress problems of the same nature as those encoun-
tered during the release of full actuator devices were observed
for all the investigated design variations. This suggests that
the release process is responsible for the development of the
stress gradient in NiFe, which cannot be addressed by simple
layout modifications.
B. Polysilicon as Sacrificial Material
To confirm whether the release process is the sole factor
responsible for the development of the observed stress gradi-
ent, an alternative sacrificial material was chosen that can be
patterned and etched without applying thermal loads, so as to
avoid any oxidation or deterioration of the NiFe film. To this
end, the tests were repeated using a second batch of test wafers
with polysilicon as the sacrificial material.
The XeF2 vapour etch process offers the advantages of being
cleaner, faster and room-temperature, compared with the oxy-
gen plasma used to remove Parylene-C. The sacrificial films
were thermally deposited in a furnace, at 590 °C and although
the high temperature required for the deposition makes this
process incompatible with the fabrication of the complete
switch device of Fig. 1, these tests were conducted with the
aim of isolating the effect of thermal loads on Ni-Fe cantilevers
exclusively during the release process.1 Fig. 9 shows images of
Ni-Fe cantilevers electroplated on sacrificial polysilicon mesas
1For the magnetic switch architecture a low temperature (<200 °C) sacrificial
silicon deposition process is required.
Fig. 9. SEM image of test cantilevers after 20 minutes XeF2 etch. The
polysilicon mesas are completely etched.
Fig. 10. Stress gradient in Ni-Fe cantilevers after removal of the polysilicon
mesas. The cantilevers droop down towards the substrate (left image), while
pointer arms on strain structures fabricated in the same film are curled upwards
(right image).
and released after etching for only 20 minutes in the XeF2
chamber.
Visual inspection of the test devices confirms that the XeF2
vapour etch is a robust and clean process. The etching rate
depends on the area of exposed material (including the silicon
substrate if unprotected), but the process allows complete
removal of the sacrificial mesas in less than 30 minutes for all
the designed variations, regardless of whether whole wafers or
single chips are processed. Although the etch process is neat
and effective, a different structural stress problem affected all
the cantilevers electrodeposited on polysilicon mesas. Every
NiFe cantilever fabricated with this process drooped down
towards the substrate once released, as partially visible in
Fig. 9. Fig. 10 (left) illustrates this in more detail. A par-
ticularly helpful insight is given by comparing the mechanical
strain observed on the cantilevers and on the suspended beams
of the stress relief structures. Fig. 10 facilitates such com-
parison by showing that while cantilevers droop downwards
(left image), the other suspended beams are curled upwards
(right image).
These results demonstrate how nominally identical struc-
tures formed using the same electrodeposited Ni-Fe film can
exhibit opposite out-of-plane strain. Since all thermal loads on
the Ni-Fe films were eliminated by using the XeF2 dry etch
process, the factor deemed responsible for this behaviour is
the anchor step, as cantilevers electroplated on sharp corners
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Fig. 11. Anchor points for Ni-Fe cantilevers electrodeposited on Parylene-
C (a, b) and polysilicon (c) sacrificial mesas, after the release process. The
images show the difference between cantilevers electroplated on the gentle
slope of Parylene-C mesas compared with the steep step profile of polysilicon
mesas.
droop down towards the substrate (Fig. 10 (left)), while beams
electroplated on a planar surface curl upwards (Fig. 10 (right)).
C. Discussion
No drooping of the cantilever profile towards the substrate
was observed during the release tests with Parylene-C as a
sacrificial layer. This can be attributed to the combined effect
of two factors. First, the Parylene-C mesas undergo smearing
during the subsequent photolithography baking steps. This
rounds the corners on the step-up to the sacrificial mesas,
creating gentler slopes for the cantilever anchors. Secondly, the
oxidation of the exposed Ni-Fe surface treated in the oxygen
plasma used to remove the sacrificial Parylene-C induces
the development of an unpredictable level of stress gradient.
Fig. 11 facilitates the comparison between the observed behav-
iour of Ni-Fe cantilevers electroplated on the two different
sacrificial mesa materials.
It was important to verify whether the oxygen plasma
treatment is effectively responsible for the introduction of a
stress gradient that curls the Ni-Fe cantilevers upwards, as
seen for the Parylene-C tests in Fig. 8. To this end, the wafer
exhibiting the drooping effect on cantilevers was treated, after
the XeF2 release etch, for 1 hour in the same oxygen plasma
chamber used for the Parylene-C tests. The released devices
were then examined under a Zygo white light interferometer to
reconstruct the topography of the investigated surface. Fig. 12
presents a map of a sample portion of the test wafer (top
image), with profile scans of two cantilevers (bottom image).
The plots clearly show that the plasma treatment reverses
the drooping effect, with the cantilevers now curled upwards,
contrary to the profile observed in Fig. 10 (left). The tips of
the cantilevers buckle up in an unpredictable and non-uniform
manner, reaching heights of more than 10 µm.
These results identify that the thermal load, with the conse-
quent oxidation of the top surface of the Ni-Fe during surface
micromachining, and the anchor step both play a crucial
role in the development of stress gradient in freestanding
Ni-Fe cantilevers. There is therefore a need to modify the
anchor design so that it does not affect the mechanical behav-
iour of the cantilevers and also integrate a suitable sacrificial
Fig. 12. White light interferometry surface maps and profile scans of
Ni-Fe cantilevers on polysilicon after treatment for 1 hour in oxygen plasma.
The profile curves for cantilevers 1 and 2 are taken parallel to the beam length,
10 µm from the lateral edge.
Fig. 13. Modification of the single step electroplating of a Ni-Fe cantilever
to a two-step scheme.
material that enables low-temperature deposition, patterning
and complete removal.
IV. TWO-STEP CANTILEVER ELECTROPLATING
The release tests identified the need for an alternative
process that avoids the stress gradient problems seen with
Parylene-C and polysilicon and, at the same time, guarantees
compatibility with the complete process flow of Fig. 2. A new
architecture is proposed to eliminate the cantilever drooping
effect resulting from the step profile on the anchor observed
in the test cantilevers on polysilicon mesas. This involves
electroplating in two steps, as illustrated in Fig. 13.
The advantage of this approach is that the cantilever beam
is electrodeposited on the surface defined by the anchor and
the sacrificial mesa, with no step-up at the joint point.
With regard to the choice of sacrificial material, Parylene-C
exhibited a very low release etch rate, with the oxygen plasma
causing damage to the surrounding structures during the long
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Fig. 14. Process flow for the new anchor design.
processing time. Polysilicon is a good candidate for the release
process as it enables a quick etch, but the temperatures
required for its thermal deposition are incompatible with
the underlying SU-8 matrix. Therefore, the final sacrificial
material investigated was SiO2. Silicon dioxide deposited by
means of PECVD can be patterned by RIE to define the
sacrificial structures and then completely removed with a dry
HF vapour etch process. The fabrication follows the process
schematically illustrated in Fig. 14.
With reference to Fig. 14, the fabrication requires the
following steps. a) PECVD deposition of 200 nm Si3N4 on a
silicon substrate for insulation. Silicon nitride replaces silicon
dioxide as the insulator, since SiO2 is subsequently used as
sacrificial material for surface micromachining. b) Sputter
deposition of 30 nm Ti and 300 nm Cu seed layer and sub-
sequent PECVD of ∼2 µm of sacrificial SiO2. c) Photolitho-
graphy and RIE patterning of SiO2 to define the sacrificial
mesa structures that support the cantilevers. d) Photoresist strip
followed by photolithography to define the cantilever anchors
and electrodeposition of Ni-Fe to a thickness that matches the
sacrificial mesa level. e) Photoresist strip followed by wet etch
of the seed layer. f) Sputter deposition of 30 nm Ti and 300 nm
Cu seed layer, photolithography to define the cantilever beams
and electrodeposition of Ni-Fe. g) Photoresist strip and wet
etching of the seed layer. h) Removal of the sacrificial SiO2
by vapour HF etch and wet etch of the remaining seed layer
and critical point drying to avoid stiction.
The cantilever beams must be electrodeposited on a planar
surface and the Ni-Fe anchors therefore need to match the step
height of the sacrificial mesas. This is achieved by carefully
calibrating the time of the electrodeposition. Fig. 15 illustrates
the surface profile of one of the cantilever anchors, exhibit-
ing significant surface roughness compared to the sacrificial
mesa, with peaks of approximately 200 nm. Electroplating the
Ni-Fe cantilever beams on this surface worked well with good
adhesion. However, should a smoother surface be required, this
may be achieved by optimising the electroplating bath with the
addition of levellers [30], [31].
The concluding step in the fabrication of freestanding
cantilevers is the complete etch of the sacrificial material by
removing the remaining SiO2 with vapour HF. The sacrificial
dielectric etch process releases the cantilevers in less than
Fig. 15. Profile of an anchor electrodeposited to a thickness that matches
the height of the sacrificial mesa.
Fig. 16. SEM images of a broad solid cantilever (top) and a narrow device
with etch release holes (bottom).
5 minutes without attacking the Ni-Fe structures. Fig. 16
shows suspended cantilevers of different dimensions.
This HF vapour phase process released all the cantilever
geometries, including the broad solid devices as well as the
narrow devices with the etch-release holes. The proposed
two-step anchor process thus effectively removes any
requirement for etch-release holes and enables cantilevers of
all the investigated dimensions (up to 100 µm wide) to be
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Fig. 17. Interferometry profiles of two cantilevers corresponding to the
structures presented in Fig. 16: on the centreline of a broad solid cantilever,
(top) and along a narrow beam with etch-release holes (bottom). The scan
line for the narrow cantilever (bottom) is equidistant between the beam edge
and the edges of the etch-release holes. For ease of comparison, the x axes
of the two plots share the same scale.
easily released. The adoption of the proposed anchor in the
magnetic MEMS switching devices enables reluctance-based
cantilever actuators to be designed without sacrificing any
magnetic material, thus delivering higher actuation forces.
The cantilevers appear quasi stress-free, benefiting from the
stress control techniques applied during electrodeposition, as
validated for blanket films and simple patterned structures
[24], and avoiding any stress gradient effects introduced by the
step-anchor design. The morphology of cantilevers fabricated
with the new anchor design was observed by white light
interferometry to verify that the beams exhibit a near hori-
zontal profile. Fig. 17 shows profile plots of the two different
cantilever designs presented in Fig. 16.
The two sample profiles in Fig. 17 show satisfactory pla-
narity, with a maximum height variation of around 250 nm
over a gap of approximately 1.6 µm (thickness of the sac-
rificial SiO2) and a length of 200 µm. This is a substantial
improvement over the previously described devices designed
with simple anchors. The profiles highlight the interface
between the first and the second electrodeposition steps (also
visible around the anchors in Fig. 16), which roughly corre-
sponds to the nominal air gap below the beams.
To validate the mechanical robustness of the devices pro-
duced, a Hysitron triboindenter tool equipped with a Berkovich
diamond tip was used to exert a controlled point-load to the
tip of two sample solid cantilevers. The measured deflection
in response to the controlled load gives qualitative information
on the stiffness of the fabricated freestanding structures and
these measurements are presented in Fig. 18.
Table II offers a comparison of the tested sacrificial materi-
als, highlighting the observed impact of the required processes
on the thermal load applied before (2 µm deposition, pattern-
ing) and after (complete removal) electrodepositing the Ni-Fe
cantilevers. The information summarised in the table justifies
the selection of PECVD SiO2 as best sacrificial material for
Fig. 18. Load-deflection curves for solid 10 µm and 20 µm wide cantilevers.
The two curves per device indicate two repeated deflection measurements.
TABLE II
COMPARISON OF SACRIFICIAL MATERIALS AND THEIR PROCESSES
applications that require materials sensitive to thermal loads
such as SU-8 and Ni-Fe.
V. CONCLUSIONS
This paper has demonstrated the successful fabrication
of freestanding magnetic cantilevers that are robust and do
not exhibit bending effects. The stress gradient problems
encountered in the initial design and process architecture have
been addressed and solved by developing an alternative two-
step electroplating approach. The reported solution involves a
higher level of manufacturing complexity, but offers key bene-
fits for the functionality of magnetically actuated devices. The
reported final process flow offers the opportunity to rapidly
release cantilevers of all the investigated dimensions. When
designing magnetic actuators based on Ni-Fe cantilevers it is
often necessary to select a balance between the volume ratio
of magnetic material and ease of processing by incorporating
etch-release holes in the design of freestanding structures.
The final architecture facilitates the rapid release of solid
cantilevers of widths up to 100 µm as originally designed, with
no need for the inclusion of etch-release holes. This simplifies
the design of the interconnect and latch layout and has the
added benefit that it enables a higher volume of magnetic
material to be used in reluctance-based actuators, improving
the performance and facilitating the use of simpler design
models for predicting the magnetic behaviour.
The final anchor design does not introduce further mechan-
ical stress, with the suspended structures exhibiting strain
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levels that match those achieved in simple patterned films with
standard electrodeposition recipes [24], [25]. In light of the
integration of the new anchor with the Ni-Fe cantilevers, all
the required processing steps have already been demonstrated
on SU-8 coated substrates as presented in section II, except for
the HF vapour etch release process. However, the SU-8 layer
is covered by the insulator (SiO2 in the initial architecture,
Si3N4 in the final architecture) and metal (Al) layers both in
the initial and final architectures, and is thus not exposed to any
surface chemical action. By avoiding any thermal loads during
surface micromachining, the final process can therefore be
considered compatible with fabrication on polymer substrates
(e.g. SU-8) as originally intended for embedded actuation
coils.
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